A non-linear soil model was established for estimating the earthquake response of the Gisbome Post Office site based on the results of geotechnical site investigation and laboratory testing on soil samples. The site was found to be very soft and susceptible to seismic amplification. The non-linear model was able to portray the response spectra of recorded motions reasonably well using modified records from a rock site with a thin layer of stiff soil. Sensitivity analysis showed that the ground surface spectra were not very sensitive to variation of the soil parameters over a plausible range. A suite of rock site records obtained from moderate and large magnitude earthquakes was used as the excitation for the non-linear model and the spectral ratios were expressed as functions of the spectral values of the bedrock excitation at the same period. The scatter of the spectral ratios was reasonably small and the cause of the scatter was found to be the different frequency content of bedrock excitations. For a very large bedrock motion, soil non-linearity caused deamplification with respect to the rock site spectra for periods up to the elastic period of the fundamental mode of the site, while spectral ratios changed little with the spectral values of bedrock excitations for periods much longer than the site period, indicating that soil non-linearity has little effect at long periods. These ratios were used to calculate a site-specific smoothed spectrum based on a probabilistic rock site spectrum for a given probability of exceedance. The smoothed spectrum is suitable for engineering design applications. Finally, a comparison was made of the results from an equivalent linear method employed in the SHAKE program and the non-linear analysis. For this very soft soil site, the difference in response spectra at short and intermediate periods by the two methods was found to be significant for moderate and large bedrock shaking.
INTRODUCTION
Ground response in earthquakes is often amplified by soft soil layers [l] and the amplification can cause significant structural damage as in the cases of Mexico City [2] and the Marina District, San Francisco [3] . In New Zealand, there are many soft soil sites susceptible to ground motion amplification. In the last few years, there has been on-going effort by the Institute of Geological and Nuclear Sciences in collecting strong-motion records from soil sites [4, 5] , measuring soil material properties [6, 7] at sites of the New Zealand strong motion accelerograph network, and modelling of site responses. results from blind prediction experiments at Turkey Flat [9] and Ashigara Valley [10] . The conclusion reached in their studies was that 2-and 3-dimensional models did not produce better results than I-dimensional models even for a very complex site in Ashigara Valley, because of large uncertainty in site model parameters [10] . In the light of these experiments and also because of the essential I-dimensional nature of the site analyzed in this paper (Gisbome Post Office site), a !dimensional non-linear model was chosen.
Soil non-linear behaviour can be taken into account approximately by an equivalent linear approach [11] or "exactly" by a true non-linear approach [12] . Comparison of the results from both methods is presented in this paper. To compute the non-linear response and amplification of a soil site for a given bedrock excitation, there are essentially two methods, i.e., elastic or non-linear analyses, that are often used. In the elastic approach, very complicated two-and threedimensional models can be used. In a non-linear soil site analysis, because of the large computational effort in dealing with soil non-linearity, one-dimensional modelling is often used for engineering practice and occasionally two-dimensional modelling [8] . The best direct comparison of 1-, 2-and 3dimensional modelling is possibly the statistical analysis of the Collecting geotechnical data for a soil site is very costly and is often limited by the capacity of available equipment. There is also a considerable amount of uncertainty in the data collected from laboratory and in-situ tests and the variability of geotechnical data must be considered. In this paper, a sensitivity study carried out on some of the geotechnical data is reported.
BULLETIN OF THE NEW ZEALAND SOCIETY FOR EARTHQUAKE ENGINEERING, Vol. 32, No. 3, September 1999 Site amplification depends on both the strength of the bedrock excitation, because of soil non-linearity, and earthquake source and path effects, possibly affecting the frequency content of the excitation motion. These effects are investigated by selecting a suite of rock site motions from different earthquakes.
The Gisborne Post Office site has thick layers of soils with shear wave velocities ranging from 110 mis at the ground surface to 245 mis at a depth of 25 m according to the results of a seismic cone penetration test (SCPT) by Barker [7] . Six soil samples were taken from the site (at about a block away from the actual strong motion site) at depth of 1.7-12 m and the soil samples were tested by the Geotechnical Laboratory of Auckland University [13] , with the main results summarized in Table I . The most important parameters determined in the testing were the shear-modulus reduction and equivalent viscous damping ratios at various shear-strain amplitudes. The undrained shear strength was also obtained at the end of each experiment. The shear wave velocities of the samples at low strain amplitudes were measured by using Bender element tests and the measured velocities are reasonably consistent with the SCPT results, indicating that the sample disturbance is not too serious. The plasticity index increases from 33 at a 2 m depth to 64 at a 12 m depth. The soil samples were described [13] as soft dark grey clay and soft silty clay at depth range of 0-8 m and as firm dark grey silty clay at a depth about 12 m.
The average shear-modulus reduction curves for the soil samples are quite different from those published results for similar plasticity indexes, as shown in Figure 1 , where G is the secant shear modulus, Gmax is the shear modulus at small shearstrain amplitudes, and t is the shear stress. For samples Gi, 0 2 and 0 3, the shear modulus reduction curves are very similar and the average G/G01ax values at a shear strain amplitude less than 0.1 % is smaller than the Cl model of Sun et al. [14] for clay with plasticity index 5-10, as shown in Figure 1 (a) . The plasticity index for samples Gi, 0 2 and 0 3 ranges from 33 to 38, corresponding to those for the C3 model of Sun et al., but G/Gmax of the C3 model is considerably greater than for the model fitted to the experimental data, as shown in Figure 1 (a) . The experimental data for samples 0 4 and 0 5 have similar variations to each other with shear-strain amplitude and their average G/Gmax values are also significantly smaller than the Cl model for shear-strain amplitudes less than 0.1 %, as shown in . At strain amplitudes larger than 0.2%, the average experimental results tend to be close to the C3 model for clays with plasticity indexes 20-40 [14] (see Figures l(b) and l(c)). The plasticity index for samples G4, G5 and G6 ranges from 40 to 64, corresponding to those for the C4 model by Sun et al. [14] , but the G/Gmax values of the C4 model are much greater than the models fitted to the expe1imental data. The maximum strain amplitudes for the tests are between 0.1-0.2% and all experimental results for strain amplitudes less than 0.2% lie below those of Sum et al. for the corresponding plasticity index.
For the Gisborne Post Office site, there is little information for soils at depth below 25 m and the description of the site condition at this depth was based on nearby borehole data with the depth to the bedrock being taken as 40 m. The soil shear wave velocities from 25 m to 40 m depth were assumed to be between 245-345 mis so that this soil profile gives a low-strain site period of about I.Os and 1.0 -1.2s at moderate level of ground shaking, close to those observed from earthquake records. The shear wave velocity profile assumed for the site is given in Table 2 .
There is a very large uncertainty for the shear wave velocity and mass density of the bedrock and it is very unlikely that a bedrock half space with a constant shear wave velocity would exist in a real situation. Shear wave velocity of bedrock is known to increase with depth even at a depth of a few kilometres and it is impractical to model such a depth for engineering site analyses. In this investigation we chose 1000 mis for the bedrock shear wave velocity and this approximately corresponds to Class B in the NEHRP recommendations [22, 34] . On the other hand, Zhao [17] shows that radiation damping, as a result of finite bedrock shear wave velocity, can be replaced by equivalent material damping and thus radiation damping will interact with the hysteresis damping from soil non-linear behaviour. A large amount of radiation damping will result in a small soil shear-strain amplitude and therefore a small amount of hysteresis damping and vice versa. This indicates that the amplification ratio estimated would not be very sensitive to a small change in the actual shear wave velocity used for the bedrock.
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A suite of rock site records from moderate and large magnitude earthquakes was used as excitations for a plausible non-linear soil model established for the Gisbome Post Office site, to assess the variability associated with rock site motions. Amplification ratios will be presented for a limited number of spectral periods and these ratios will be used to demonstrate non-linear soil effects and to establish a site specific smoothed spectrum.
EARTHQUAKE RECORDS OBTAINED FROM THE GISBORNE POST OFFICE SITE
Gisbome Post Office is a 6-storey reinforced concrete momentresisting frame building, and the carpark (free-field) site is about 20 m away from the building. The building responses have been shown to exhibit reasonably strong soil-structure interaction [ 15] , and contamination from the building base feed-back is expected to affect the carpark site records to a small extent.
Two complete sets of earthquake records were obtained in earthquakes in 1982 and 1993. The 1982 earthquake had a local magnitude of 5.1 and an assigned depth of 33 km. The epicentral distance to the Gisbome Post Office was 25 km. A horizontal peak ground acceleration (PGA) of 0.06g was recorded at the carpark site. The 1993 (Ormond) earthquake was centred at an epicentral distance of 23 km from the Gisbome Post Office and had a moment magnitude of 6.2 and a focal depth of 48 km. A horizontal PGA of 0.26g was recorded at the carpark site and this record is the largest record from a deep soft soil site in New Zealand.
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Unfortunately, there was no working instrument on a nearby rock site during these earthquakes. It is a difficult task to find a rock site close to the city. A digital instrument was installed on the top of Kaiti Hill in 1991 in an attempt to obtain rock site records for possible modelling work for the soil sites in Gisbome. A record was obtained from this digital instrument in the 1993 Ormond earthquake, but the analysis of the record revealed that possible topographical effect and a soil layer on the hill top site significantly modified the ground motions in a frequency band around 2 Hz. These modifications mean that the hill site record could not be used as a reasonable representative of the bedrock outcrop motions in computer modelling of the soil site reported here.
INFLUENCES OF SOIL PARAMETERS
(a) Influences of soil shear strength:
The experimental results show that the undrained shear strength is similar for samples 2 and 3 (not available for sample 1) and is also similar for samples 4 and 5. A model can be established for the soils at depth of 0-7 m by using the average shearmodulus reduction curve for soil samples 1-3, as shown in Figure l (a). For the soils at depth 7-10 m, the average of the experimental data for samples 4 and 5 as shown in Figure l (b) can be used, and for the soils at depth 10-20 m the experimental data from soil sample 6, as shown in Figure 1 (c), can be used. The ratio of the mean measured undrained shear strength to the maximum measured shear modulus, -r/Gmax, was used as a constraint in establishing the soil non-linear models. The shear-strain amplitude at which the shear strength was reached was unknown and 2% was assumed here based on the triaxial testing for soil samples from another site [16] . The modulus reduction curve was assumed to be a function of shear strain of the form G/Gmax = 1/(ay"+b), with the parameters determined by the best fitting by eye of the average experimental data and the specified shear strength. The non-linear soil model using the fitted shear modulus reduction curves shown in Figure 1 is referred to as model 1 hereafter.
For surface layers, it is possible that the soil shear strength is reached at a strain amplitude much smaller than 2% as specified because the maximum strain amplitude of the soil experiments was only 0.2%. To investigate this effect, the nonlinear model was modified for the soils at depth 0-7 m so that the undrained shear strength was reached at a shear strain amplitude about 1 %, as shown in Figure 2 Figure 2 (a) seems to fit the experimental data better than the model given in Figure 1 (a).
In specifying the non-linear soil models for large shear strain amplitudes, very large extrapolation is required and two nonlinear models can have very similar goodness of fit to the experimental data but give quite different levels of shear strength. For example, the non-linear model shown in Figure  2 ., " 
.,_ 0 0.4 · · · · · · c · ·, -·c ·, ·c ·,·c A non-linear soil model corresponding to the C3 curve of Sun et al. [14] and a shear wave velocity of 245 mis was used for the soil layers at depth between 20-40 m for all three models.
For earthquakes that generated records at the Gisborne Post Office site there were no rock site records available, either nearby or at distance. A record obtained from Maraenui Primary School site in the 1993 Ormond earthquake was considered, because this record contains the same source effect as that at the Gisbome Post Office site. This site has, however, a thin layer of soil over bedrock [6] and the ground motion is noticeably amplified at 0.2-0.25 seconds. This site is located in the N23E direction with respect to the epicentre of the earthquake. The Gisbome Post Office site is located in the S27E direction with respect to the epicentre, almost in the opposite sites to the Maraenui site with respect to the epicentre. The different site locations relative to the earthquake source would likely result in different ground motion characteristics at these two sites. The mean PGA of the two horizontal components for the Maraenui record is only 0.09g. This record was used as one of the input motions for the present study. Spectral Period (Seconds)
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Input PGA = 0. The response spectra for models 1, 2 and 3 are shown in Figures 3(a) for the Maraenui excitation scaled to a PGA of 0.5g, with the three models producing practically the same site surface response spectra. The response spectra for the three models were very similar to each other for the excitation scaled to a PGA of l .Og and almost identical to each other for the excitation scaled to a PGA of 0.2g. The change of strain amplitude at which the surface layers (0-7 m depth) reach their maximum shear strength and the reduction in the shear strength of the soil layers at 10-20 m depth make little differences at all periods even for a very large amplitude of excitation. This is expected because the maximum shear strain developed anywhere in the soil was typically 0.5% for large bedrock excitations. The stress decrease, due to either the reduction of shear strain at maximum shear strength or reduction in shear strength, at this level of strain amplitude can be compensated by a small increase in the maximum strain developed in the soil layer.
(b) Effects of soil properties of the bottom layers:
There is a large uncertainty in determining the shear wave velocities and the non-linear models for the soil layers below 25 m because there were no direct measurements available. The effect of these uncertainties is investigated here.
In model 4, the soils at depth of 32-40 m were taken as a separate layer with shear wave velocity increasing from 245 mis to an arbitrary value of 345 mis while the material properties for all the other layers were the same as for model 2.
In model 5, the non-linear clay models used for the soil at depths of 24 -40 m were changed from the C3 to the C4 model of Sun et al. [14] , using the same non-linear models as for model 2 for all the other layers.
The response spectra of models 2, 4 and 5 are compared in Figure 3 (b) for an excitation with a PGA of 0.5g. The differences between these models at periods longer than 0.6s are very small for all levels of bedrock excitation, and the change of non-linear model for the bottom layer increases the response spectra with respect to model 2 only moderately at short periods (less than 0.6s) for all levels of bedrock shaking.
(c) Effect of a thin layer of soil on the reference rock site:
As described earlier, the Maraenui site is likely to have a layer of soil over bedrock [6] and the response spectrum of the Ormond earthquake record has a sharp peak at 0.2-0.25s, the same period at which a peak exists in a few other records from this site. The effect of a thin soil layer can be corrected approximately by a simple response function for a uniform layer of soil on an elastic half space. If material damping is neglected, the correction factor is a function of layer natural period and the impedance contrast [17] , p = pRvR/pLvL, where p and v denote mass density and shear wave velocity respectively and subscripts R and L denote half space and the soil layer respectively. If the natural period of Maraenui site is taken as 0.23s, the correction factor is given in Figure 4 (a) for various values of p. In this model, the only source of damping is from radiation into the half space, with lower values of p giving greater damping. A small value of p can be selected to account for the effect of material damping, with an advantage of using radiation damping to replace material damping being that highfrequency noise present in the record will not be amplified. The modified Maraenui records corresponding to the selected value of p = 2 have much smaller PGAs than the original records: reducing from 0.08g to 0.05g for the S50E component and from 0.1 lg to 0.063g for the N40E component. Figure 4 (c) shows that the original and modified records (unscaled) produce very similar spectral values at long periods (> 0.7s) but the difference at short period is significant, as expected.
COMPARISON OF CALCULATED AND RECORDED MOTION AT THE GISBORNE POST OFFICE SITE
It is difficult to make a direct comparison between the calculated and the recorded soil site motions here because there is no record available from a nearby rock site. Bedrock motions can be derived from ground surface motions by using an equivalent linear approach such as that of the SHAKE program [11]. This method would serve no useful purpose for the present study, as the aim of the present study is to use the limited amount of site material information and recorded ground motions to establish a credible site soil profile and nonlinear model, so that ground motions during severe ground shaking can be estimated. An alternative approach to estimate the possible bedrock ground motions is adopted here. The mean PGA of the two horizontal components at the Gisbome Post Office site in the 1993 Ormond earthquake was 0.22g and the mean soil site PGA factor in a recently developed New Zealand PGA attenuation model is 1.53 [ 18] . The possible mean PGA in the 1993 Ormond earthquake for a rock site close to Gisbome Post Office site would thus be close to 0.14g. A suite of rock site records from earthquakes with similar magnitudes (and if possible similar distances, if such records can be found) scaled to have a mean PGA of 0.14g can be used as bedrock motions for the soil model. If the calculated ground surface motions have a mean response spectrum similar to that of the recorded motions, we can suggest that the soil model established would be appropriate, and can be used to predict large ground motions, with various soil parameters that affect the ground· motion for a large bedrock excitation being investigated within a credible range.
Scaled version of the original and modified Maraenui record from the 1993 Ormond earthquake are possible candidates for the rock site motions. These records would contain the same source effect as the record at the Gisbome Post Office site. The calculated mean response spectra at Gisbomc Post Office site using the 0.14g PGA scaling of the original and the modified Maraenui record as excitations are compared with the mean spectra of the recorded motion in Figure 5 . Figure 5 (a) shows that the calculated mean acceleration spectrum at long periods using the Maraenui records is considerably Jess than the mean recorded spectrum, because of relatively strong high frequency components in the input motion, while at the short periods the two mean spectra are similar. The recorded spectral peaks at about 0.3s, 0.6s and l.ls are not produced by the model either and this discrepancy is possibly caused by the lack of strong components at these periods in the Maracnui record as shown in Figure 4 (b), because of different path effect at the Maraenui and the Gisbome sites (in almost opposite directions with respect to the earthquake source). Figure 5 (a) also shows that the mean response spectrum calculated from the modified Maraenui record compares reasonably well with the mean recorded spectrum at the Gisbome Post Office site at both short and long periods. Figure 5 (b) shows the mean displacement response spectrum calculated from the two bedrock motions compared with the mean spectrum of the record. The mean spectrum of the ground motions generated by the modified Maraenui record matches the mean recorded one reasonably well, though the peak at l.ls was not produced possibly because of lack of strong components at this period as shown in Figure 4 (b). The discrepancy at l.ls can be attributed to the possible different path effects on the two sites, and the discrepancy is smaller than that in the spectrum generated by the original record. The predicted site period between I.I-1.2s will be demonstrated in the spectral ratios in the later section.
The good match indicates that the non-linear model (model 2) for the Gisbome Post Office site is plausible. It can be noted that the mean calculated PGAs are slightly smaller than the mean recorded PGAs, suggesting that the soil site factor of 1.53 is possibly too large, perhaps because the attenuation model does not account for non-linear effects in the soil (use of a constant soil site factor). If a smaller soil site factor was used, resulting in larger scale factors and a larger PGA (for example 0.2g) than those shown in Figure 5 (a), a slightly better match may be expected. 
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SITE AMPLIFICATION ESTIMATED FOR THE GISBORNE POST OFFICE SITE
It was shown in the previous sections that the response of the non-linear soil model was not very sensitive to the selection of the soil site material parameters within a creditable range and that model 2 was plausible for the site. To estimate site amplification, a suite of rock site motions has to be selected, so that the effects of frequency content of bedrock excitations due to source, path and site conditions of the rock stations (for example, soft rock, hard rock etc., usually very poorly defined) can be approximately accounted for.
Two New Zealand rock sites selected here are Te Kuha and Maraenui (with a thin layer of stiff soil) sites. Te Kuha on the west coast of South Island is on a hard rock outcrop (quartz diorite) [6] . The Paparoa Event l and Event 2 with moment magnitudes of 5.8 and 5.9 generated two sets of records respectively. The closest distance to the source rupture from the site was about 13 km for both events and the PGA was 0.21g in event 1 and 0.13g in event 2. The Te Kuha records and the Maraenui records (and the modified version) from the 1993 Ormond earthquake were scaled to have PGAs from 0.05g to 1.0g as excitations for the model.
Rock site records from the 1989 Loma Prieta earthquake (Mw=6.9) and the 1994 Northridge earthquake (Mw= 6.7) were also selected as excitations for the model, with the station names and available information for site conditions given in Tables 3 and 4 [22] their data set because of topographical effects. The topographical effect is not considered to be very large considering many other variabilities, for example, site shear wave velocities. These records were used without being scaled.
Spectral shapes for records from earthquakes with a moderate difference in magnitudes are very different as shown in Figure  6 . The difference in spectral shape in the two horizontal directions from the same set of records is also quite large, as shown in Figure 9 (a). Most records selected from the 1989 Loma Prieta earthquake have relatively large spectral values in the period band of0.5-1.0s.
As expected, the response spectral ratios between the surface motion of the model and the input excitation are strongly affected by soil non-linearity and their variation is very large. For example, the ratio of the ground surface PGA and the PGA of the input varies from 0.6 to about 3 for the Loma Prieta earthquake records. In order to show the non-linear effect, spectral ratios are presented as a function of the excitation spectral value for a particular period in Figures 7-10 . It can be seen that the spectral value of the excitation at a particular period has a first order effect on the spectral ratio of that period. The scatter is largely caused by the different frequency content of the records, i.e., different shapes of the normalized spectra. This can be confirmed by the fact that, if a single record is scaled to give different amplitude inputs, the scatter in the amplification ratios, as a function of rock site input spectral values, is negligible.
In a recent attenuation model for acceleration response spectra, non-linear site response effects have been recognized [24] and accounted for in the model development. Abrahamson and Silva [24] described the non-linear soil behaviour by having spectral ratios as a function of rock site PGA. The limited amount of simulation carried out in this paper shows that the spectral ratio is better taken as a function of rock site spectral values at the same spectral period rather than of rock PGA. Figure 9 (a), where spectral ratios are plotted as functions of rock site spectral values at 0.75s, shows a much smaller scatter than that in Figure l l(a) , where the spectral ratios are plotted as functions of rock site PGAs. This is also generally the case for all other periods. However, such a reduction in scatter for ratios of recorded soil and rock site motions is likely to be much smaller or even insignificant, because many other variabilities and uncertainties would diminish such kind of improvement in the scatter.
We attempted to fit the simulated data with a simple analytical function to describe the first order effect in amplification ratios. The functional form of Abrahamson and Silva [24] was used here, i.e., ln(SR) = a.ln(SAr + c) + b (1) where SR denotes spectral ratio and SA, is the rock site spectral value. Soil site spectrum can be calculated by SA, = SA, SR. The constants a, b and c can be determined by regression for each period. For long periods, i.e., 2.0 and 2.5 seconds, c = 0.03 was chosen so that the extrapolation to a large rock site spectral value would not give too large a spectral ratio. For 0.5s and 1.25s periods, the regression produced a< -1.0 and this value of a means that SA, = 0 when SA, = oo, clearly not physically logical. For these two periods, a= -1.0 was selected. Because the correlation is quite significant between a and c and between b and c, a predefined a has little effect on the standard error of the model prediction and the mean-ratio prediction. The data obtained by using the Maraenui and the Te Kuha records for 2.0 and 2.5 seconds were not included as the high pass filter limit in the record processing was just below 2.0s. The regression constants and the standard error are summarized in Table 5 . The standard errors are in the range of 0.12-0.22, corresponding to factors of 1.13-1.25. Figure 7 (a) shows the PGA ratio as a function of rock site PGA and the fitted expression is also shown in Figure 11 (b) in terms soil site PGA versus rock site PGA. The cross over point for the mean curve corresponds to 0.22g, and the cross over points for "mean± CJ" curves are 0.15g and 0.29g respectively. Figure  11 (b) also shows that the probability of the surface PGA of this soil model exceeding 0.4g would not be very large even for a rock motion with a PGA close to l .0g. These features will be discussed further in this paper. Figure 7 shows that at short periods, rock site records generated by small magnitude earthquakes, such as the Te Kuba records, will produce smaller spectral ratios than the rock site records from large magnitude earthquakes, such as the Loma Prieta records, presumably because of lack of long period (close to the site elastic period) motion in the rock site records from a small magnitude event. It is possible that for a small magnitude earthquake, the amplification ratio for short period would be close to the "mean -CJ" curve, and for a large magnitude earthquake the amplification ratio would be close to the "mean + CJ" curve. Different PGA amplification curves for small and large magnitude earthquakes were suggested by Idriss [25] and Dickenson and Seed [26] . For periods longer than 0.3s, the effect of earthquake magnitude for this limited simulation is not obvious, as shown in Figures 8-lO Spectral Period (Seconds)
Figure 6: Nonnalized spectra for some of rock site records used as bedrock excitations for the non-linear model, (a) records from small-moderate magnitude earthquakes, and (b) records from large magnitude earthquakes.
Deamplification period range, in which the soil site will deamplify the input response spectra, exists within the range of simulation, up to the site elastic period of I .Os. At 1.25 and 1.5s, the trend of variation seems to suggest that the amplification ratio decreases with the increase of input spectral values, as shown in Figures 9(c) and lO(a) . The scatter is relatively large at periods 1.0 second or larger compared with short periods from 0.2-0.75s, possibly because of the shifting of "apparent" fundamental modal period, at which the Fourier spectral ratio between the model surface motion and the input bedrock motion has a dominant peak, due to soil nonlinearities. The scatter generally increases with the increase of periods from 0.75s.
It is interesting to note that at spectral periods of 2.0 and 2.5 seconds, the amplification ratios increase with the increase of input spectral amplitudes, in contrast to the other periods. The attenuation model by Abrahamson and Silva (24] also gives increasing spectral ratios with the increase of rock site PGAs at periods longer than I .Os, The change in the mean amplification ratio due to the change of rock site spectral values within the range of the simulated data shown in Figures lO(b) and (c) is smaller than the range of mean and "mean + cr" curves. The possible explanation for the increase of amplification ratios is that the rock site records with long period (2.0 and 2.5 seconds) spectral values tend to have relatively strong motions at the "apparent" site fundamental modal period compared with the other periods and the large amplification at the long periods is somehow a "feed through" by the "apparent" fundamental mode. If a single record is scaled to give various levels of input, the amplification ratios at 2.0 and 2.5 seconds· are virtually constant. Soil non-linearity docs not seem to have any effect on the amplification at periods much longer than the site elastic first modal period, (a) 0 Loma Prieta records 6 Northridge records
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A SITE SPECIFIC SMOOTHED RESPONSE SPECTRUM
To estimate a design response spectrum for a particular soil site, basically two approaches can be taken. A probabilistic spectrum can be estimated for a given level of probability of cxcccdancc using an attenuation model appropriate for the site condition. However, soft soil sites such as the Gisbome Post Office site are not usually well represented in the data set that is used to derive attenuation models and they arc often not even included in the model [24, 27] . Many researchers suggest specific site investigation for such kind of soft soil sites [22, 26] . Also for a highly resonant site like the Gisbornc Post Office site, an attenuation model will almost certainly underestimate the spectral values in a period band about the "apparent" fundamental mode, because of the effectively averaging procedure in a regression analysis using records from many sites. Alternatively, non-linear modelling can be performed and the input excitation can be either an artificial record obtained by fitting an estimated probabilistic rock site response spectrum for a given level of probability exceedancc [28] , and/or a suite of rock site recorded motions possibly with amplitudes and/or period being scaled. A smoothed design spectrum can then be derived based on the simulated data.
A different approach is used in this paper to produce a smoothed spectrum for this specific site. A probabilistic spectrum is derived first for a rock site and then spectral ratios shown in Figures 7-10 can be used to evaluate the soil site spectrum. The probabilistic spectra shown in Figure 12 for ground class I (rock site with or without a layer of stiff soil less than 10 m thick) and IV (soft alluvial layer or reclaimed land with depth larger than 25 m) are based on the modified 1982 Katayama attenuation model [29, 31] and the 1992 Smith-Berryman seismicity model [30] , assuming uniformly distributed earthquake sources within regional seismic zones. The probabilistic response spectra are very similar to those presented by Matushchka et al. [31] on which the current New Zealand Loadings Code [32] is based_ The probabilistic rock site spectrum was multiplied by the mean and "mean + a" spectral ratios shown in Figures 7-10 to derive the soil site spectrum shown in Figure 12 for 150 and 450 year return periods. Figure 12 shows that for both return periods, the soil spectra derived by using the mean spectral ratios are considerably smaller than the probabilistic soil spectra for ground class IV at periods up to I.Os and the differences are larger for 450 year than for 150 year return period. At long periods (> 1.25s) the mean soil spectra are almost identical to those of the probabilistic soil spectra. The spectra derived in this paper have a gentle peak at the site "apparent" fundamental period of 1.0-1.25s, as expected, and the shape of the peak is very similar to that of the mean recorded spectra shown in Figure 4(c) . A higher resolution in the spectral period than in Figure 12 would possibly give a somewhat higher peak in the period band of 1.0-1.25s than that shown in Figure 12 , and it is obvious that the "apparent" fundamental modal period is slightly longer for 450 year than for 150 year return period.
The following explanation can be given for the differences between the probabilistic soil spectra and the mean spectra produced in the present paper. In the data set compiled by Katayama, there is a small number of records for Ground classes I (39) and IV (36), and these records are mainly from earthquakes of 20 km or more away from recording stations and have small spectral amplitude. The number of records from a site similar to the Gisbome Post Office site would be most likely very small if any, because this site is unusually soft (see discussions later in the present paper). The Katayama attenuation model does not account for non-linear site effects and non-linearity would be minor for most of the records because of their low amplitudes. Even in recent PGA and spectral velocity attenuation models [18, 19] , non-linear site effects are still not explicitly accounted for (i.e., using constant soil site factors). The lack of non-linear site effects in the attenuation model is a likely cause for the difference between the probabilistic soil site spectra and the mean spectra derived in this paper, with the probabilistic soil site response spectra likely to overestimate the soil site spectra at the shaking level even for 150 year return period. The similarity between the probabilistic soil spectrum and the mean spectrum at long period (> 1.5s), where soil non-linearly seems not to have a significant effect, is consistent with this explanation.
Even if the attenuation models used to derive a probabilistic soil site spectrum account for soil non-linearity, it is very likely that such an approach used in a standard seismic hazard analysis can possibly under-estimate the spectrum at the "apparent" fundamental modal period for a strongly resonant site and overestimate the spectrum at the other period, because of the averaging effect in the regression procedure in deriving attenuation models.
Berrill et al. [28] used an artificial earthquake motion, derived by matching a probabilistic rock site response spectrum, as the excitation for their non-linear soil models. This approach is also used in this paper. The artificial record was generated by modifying a real earthquake record obtained in Santa Cruz UCSC/Lick Lib. in the 1989 Loma Prieta earthquake to match the probabilistic rock site response spectrum. The computed response spectrum for the modelled site motion is shown in Figure 13 , compared with the probabilistic soil site spectrum and the mean and "mean + o" spectra. Figure 13 shows that the response spectrum given by the analysis of the non-linear model generally varies between the mean and the "mean + cr" 163 spectra, as expected. At the "apparent" fundamental modal period of the site (between 1.0 -1.25s), the spectral values obtained from the non-linear analysis are about the same as the "mean+ o" spectrum and the "mean + cr" spectrum is almost an envelop of the spectrum from the non-linear analysis. Figures 12 and 13 show that the soil site spectrum obtained by using the spectral ratios can give a smoothed site specific spectrum and the "mean + o" spectrum can possibly be used as an envelope for the site-specific spectrum.
DISCUSSION ON THE MODELLING RESULTS
Recently, seismic soil site response studies have attracted a large amount of attention from engineering communities. Considerable effort was put into classifying strong motion site conditions [ 6] and strong motion record analyses [22, 26] . Quantitative site class definitions have been presented [22, 26] and the number of site classes increased compared with that used in many design codes. The Gisbome Post Office site can be classified as D2 according to the description given in Crouse and McGuire [22] and as D1 or E1 according to the description presented by Dickenson and Seed [26] . Dickenson and Seed also presented plots for the relationship between soil site PGAs and rock site PGAs for various site classes so that "a slightly conservative estimate" of soil site PGA could be provided. The curve for ground classes C4 + D + E, all soft soil sites, has a cross over point at 0.4g, i.e., a soil site PGA will be less than that of a nearby rock site if the rock site PGA exceeds 0.4g. This cross over point is significantly larger than that presented in Figure l l(b) estimated as 0.22g on average for the Gisborne Post Office site. The following explanation can be given for this large difference.
(1)
A major reason for the low cross-over point in Figure  11 (b) is the shear modulus reduction curves for the soil samples of the Gisborne Post Office site as shown in Figures 1 and 2 . If testing were not carried out and published relationships were selected for the soil samples according to the soil description and plasticity index (described as the most influential and consistent soil parameter for clay [ 14 ] ), the C3 model would have been selected for the soils at depth 0-7 m and the C4 model for the other soil layers. Such a soil site non-linear model would give a cross over point at about 0.35g under the 1994 Northridge earthquake records, slightly less than 0.4g as suggested by Dickenson and Seed [26] .
(2) The average shear wave velocity for the top 30 m of a soil site has been used as the basis for site classification [20, 22, 34] . The average shear wave velocity for the top 30 m of the Gisbome Post Office site is only 139 mis, much lower than the upper bound (180 mis) for Ground Class E, adopted by the National Earthquake Hazard Reduction Program (NEHRP) [34] , suggesting that the Gisbome Post Office site is a very soft soil site. Because the low shear wave velocity results in a low soil shear strength for a same shear modulus reduction curve, the low value for the cross over point in Figure 11 Spectral Period (Seconds)
Figure 12: Comparison of probabilistic spectra from rock site (Ground class I) and soil site (Ground class IV) and the site specific smoothed spectra derived from the soil non-linear models for the Gisborne Post Office site, (a) 150 year return period, and (b) 450 year return period.
(3) Two ground site records with small PGAs (0.06g in the 1982 record and 0.095g in the 1985 record) suggested that the site was a strongly resonant site [4] . Because of high amplification, soil non-linearity has marked effects for a relatively low rock site PGA.
A note of caution must be exercised when using the spectral ratios presented in Figures 7-10 for an engineering application when a large rock motion is expected, because (I) the nonlinear models established in the present paper were based on a very limited amount of experimental data and a large extrapolation had to be employed for estimating shear stresses developed from a large shear strain expected from large ground shaking, and (2) the unscaled records from the 1989 Loma Prieta and the 1994 Northridge earthquakes used in this paper had a maximum PGA of just over 0.4g. The spectral ratios obtained in this paper would be plausible for the rock motions at a level similar to those presented in Figure 12 .
The modelling results indicates that the ground records with a mean PGA of 0.22g obtained in the 1993 Ormond earthquake were significantly affected by soil non-linearity. Without nonlinear effects, it is expected that the records would have had a significantly larger mean PGA than the recorded one.
Near source rock site motions were not used in this paper because there are no known active faults close to Gisbome City. There is also a concern that a soft soil site, like the Gisbome Post Office site, would possibly experience severe ground failure, when subjected to a shaking level similar to those of the near-source motions recorded in the 1994 Northridge earthquake, and the present non-linear models are not sufficient to model such soil deformation. 
COMPARISON BETWEEN NONLINEAR AND EQUIVALENT LINEAR ANALYSES
The equivalent linear approach is a very popular method for calculating seismic soil site response in engineering practice. This method is an approximate one in terms of the mathematical treatment of soil non-linear material behaviour while the true non-linear analysis employed in the Densor computer program [12] is "exact". A comparison of the ground surface responses from the two methods is presented in this paper. Model 2 presented in an earlier section is used and damping curves from the experimental data were used for the SHAKE program [11] . The version of SHAKE used in this paper allows the user to specify a parameter n that defines the fraction of the peak shear strain developed in the mid-point of each layer to be used as the effective shear strain. The effective shear strain is the value used for evaluating equivalent shear modulus and damping ratios. A widely used value has been n = 0.65 and an earthquake magnitude-dependent value from 0.3 to 0.5 was suggested [33] for significant improvement over n = 0.65. In the program manual for SHAKE91, an earthquake magnitude dependent n value between 0.4 and 0.75 was suggested, indicating the approximate approach in dealing with soil non-linearity. In this paper, a fixed value of 0.5 was used.
The Maraenui record (S50E component) was scaled to give various PGA from 0.05g to 1.0g and used as the excitation for the soil model. The calculated PGAs are plotted in Figure  14 (a) as a function of the PGA of the bedrock input motion. Figure 14 (a) shows that the PGAs evaluated by the two methods are generally very similar at low to moderate level of bedrock excitation and significantly different at a high level of bedrock excitation. The PGAs computed by SHAKE are slightly smaller than those by the non-linear approach for rock site PGAs of 0.2g or less and are significantly higher than those of the non-linear approach at 0.5g and l.0g bedrock PGAs. The response spectra for a bedrock PGA of 0.1 g and 0.5g are shown in Figures 14(b) and 14(c) . At very short periods (0.1-0.2s), the two methods give significantly different spectral values and for long periods (> 0.Ss) the two methods give very similar spectral values for different levels of bedrock excitation. In the intermediate period range (0.2 -0.5s), SHAKE gives a much higher (about 50%) spectral values than the non-linear program Densor for the bedrock motions with a PGA of 0.5g but gives a very similar spectrum to that of Densor for the bedrock motions with a PGA of 0.lg. Unscaled earthquake rock site motions from the 1989 Loma Prieta earthquake were also used for comparison and the trend was very similar to those shown in Figure 14 . Comparison was also made for a model with the top 20 m of soil having a much larger shear strength than model 2 and the differences between the two methods were considerably smaller than those shown in Figure 14 .
GENERAL CONCLUSIONS
Results from site investigation and geotechnical testing of soils at the Gisbome Post Office site in Gisbome, New Zealand, were presented in this paper. Nonlinear soil models based on these results were established and seismic responses of the site were estimated. The following general conclusions can be made in the present study.
Results from the site investigation and geotechnical testing on soil samples taken from this site show that the site is a soft soil site, suggesting that it is susceptible to ground motion amplification. The mean-shear wave velocity of the top 30 m of soil (total thickness of 40 m) is about 140 mis, significantly lower than the soil sites usually included in the data set for developing the recent New Zealand strong motion attenuation model [ 18] . This site is unusually soft, and it is suggested that it should be subjected to a specific site investigation if it is necessary to estimate a future earthquake ground motion for engineering design.
(2) Results from the geotechnical testing of soil samples from the site indicate that the shear modulus reduction curves in the strain amplitude range of 0.001 -0.2% are significantly lower than the published results in the literature for soils with a similar value of plasticity index. Sample disturbance is unlikely to be the reason because the measured shear wave velocities at a very small strain amplitude are very consistent with those obtained from in-situ measurements.
( 
A non-linear stress-strain model for the soil site based on the best estimate of the soil material parameters was used to predict the ground motions obtained in the 1993 Ormond earthquake. Using a soil site factor of a recent PGA attenuation model [18] , the mean PGA of a rock outcrop site close to the Gisborne Post Office site would be approximately estimated to be 0.14g. The record from the Maraenui site obtained from the same earthquake and a modified version (eliminating the effect of a possible thin layer of soil over the rock at the Maraenui site) scaled to have a PGA of 0.14g were then used as the bedrock excitation. The mean acceleration and displacement spectra produced by the modified Maraenui records compared reasonably well with the recorded ones, suggesting that the nonlinear soil model for the Gisborne Post Office site is plausible.
A suite of rock site motions from moderate and large magnitude earthquakes were used as excitations for the non-linear model. Spectral ratios were presented as functions of the spectral values of rock input motions for each spectral period. Non-linear soil behaviour was found to have a first order effect on the variation of spectral ratios, with the scatter in the ratios likely to come from the variation in frequency content of the different bedrock input motions. Soil deamplification for a large bedrock excitation exists for periods up to I.Os within the range of the simulated data, and at long periods (2.0 and 2.5s) the spectral ratios tend to increase slightly with the increase in the level of rock site excitation. Soil nonlinearity seems to have little effect on the spectral ratios for periods much longer than the site elastic period of the fundamental mode. This suggests that an elastic analysis which is much simpler and less computationally expensive than a non-linear analysis can possibly be used to reliably predict long-period ground motions of a highly non-linear soil site, provided that damping from other sources can be estimated reliably.
The mean and "mean + cr" spectral ratios derived from the non-linear analyses were used to derive sitespecific smoothed spectra and the corresponding envelope spectra for the Gisborne Post Office site, based on probabilistic rock site spectra for 150 and 450 year return periods. The mean spectra derived in this paper have smaller values for periods less than 1.25s than the probabilistic spectra for soft soil sites. The discrepancies are largely attributed to the possible lack of records from rock and soft soil site in the Katayama attenuation model [29] . An artificial record, derived by modifying a rock site record from the 1994 Northridge earthquake and matching the probabilistic rock site spectrum, was also used to evaluate the soil site spectrum. The soil site spectrum computed from the artificial record varies between the mean and "mean ± cr" smoothed spectrum. The smoothed spectrum predicts a peak between 1.0 -1.5s period where the site "apparent" fundamental modal period lies. 
(8)
The cross-over point, above which a rock site PGA will be deamplified by soil layers, in the relationship between soil site PGAs and rock site input PGAs, appears to be 0.22g on average for the modelling in this study, and the cross-over points for "mean ± a" curves are 0.15g and 0.29g respectively. It also appears that the PGA relationship would follow the "mean -a" curve for records from small magnitude events and the "mean + a" curve for records from large magnitude events. The average value for the cross-over point estimated for this site is much smaller than 0.4g recommended by Dickenson and Seed [26] for this class of site. This low value is attributed to the unusually low soil shear wave velocities for the top 30 m of soils (e.g. low soil shear strength), and the low values of shear modulus reduction curves compared with the published results for soils with similar plasticity indexes.
A comparison of the results from an equivalent linear method (SHAKE) and a true non-linear method indicates that the equivalent linear method over predicts response spectra in intermediate periods and PGA by a significant amount for a rock site excitation with a PGA of 0.5g or more and the difference diminishes for a decrease in the rock site shaking level.
A note of caution must be exercised when using the results presented in this paper for an engineering application because of limitations on the geotechnical testing and numerical simulations. The maximum shear strain in the geotechnical testing is between 0.1 -0.2%, corresponding to the level of peak shear strain developed in the model for a bedrock excitation with a PGA about 0.2g. Test data for large shear strain amplitude, for example 0.5%, should be pursued in future experiments. The spectral ratios presented in this paper within the data range of the 1989 Loma Prieta and 1994 Northridge earthquakes should only be attempted to be used for other sites similar to the Gisborne Post Office site.
